The plant hormone abscisic acid (ABA) plays a crucial role in regulating seed germination and post-germination growth. ABSCISIC ACID INSENSITIVE4 (ABI4), an APETALA2 (AP2)-type transcription factor, is required for the ABA-mediated inhibition of seed germination. Cytokinins promote seed germination and seedling growth by antagonizing ABA signaling. However, the interaction between ABA and cytokinin signaling during seed germination remains unclear. Here, we report that ABA signaling downregulates Arabidopsis response regulators (ARRs), a class of cytokinin-inducible genes, during seed germination and cotyledon greening. We found that the application of exogenous ABA repressed the expression of type-A ARRs in Arabidopsis seeds and seedlings. Among the type-A ARR family members, the expression of ARR6, ARR7 and ARR15 was upregulated in ABA-deficient mutants, indicating that the transcriptional inhibition of type-A ARRs requires the ABA signaling pathway. Single and multiple mutations of these ARRs resulted in increased ABA sensitivity during germination and cotyledon greening; overexpression of ARR7 or ARR15 led to an ABA-insensitive phenotype. These observations suggest that type-A ARRs inhibit the ABA response during seed germination and cotyledon greening. Further analysis showed that ABI4 negatively regulated the transcription of ARR6, ARR7 and ARR15 by directly binding to their promoters. Genetic analysis showed that loss-of-function mutations of ARR7 and ARR15 partially rescued the ABA insensitivity of abi4-1. Thus, this study revealed that ABI4 plays a key role in ABA and cytokinin signaling by inhibiting the transcription of type-A ARRs to inhibit seed germination and cotyledon greening.
INTRODUCTION
Arabidopsis seed dormancy and germination are precisely controlled by multiple hormonal signals (Gazzarrini and Tsai, 2015) . Abscisic acid (ABA) plays a key role in promoting seed dormancy (Karssen et al., 1983; Nambara and Marion-Poll, 2005) . Gibberellin (GA), another primary hormone, relieves seed dormancy by antagonizing ABA signaling Bentsink and Koornneef, 2008; Piskurewicz et al., 2008) . Studies have indicated that ABA interacts with cytokinin signaling to mediate plant growth and stress responses (Khan 1971; Tran et al., 2007; Wohlbach et al., 2008; Werner and Schmulling, 2009; Jeon et al., 2010; Guan et al., 2014) . However, the detailed regulatory mechanism by which ABA interferes with cytokinins to maintain seed dormancy remains unclear.
Several transcription factors in the ABA signaling pathway have been identified to regulate the expression of a number of downstream genes (Ezcurra et al., 2000; Finkelstein and Lynch, 2000; Fujita et al., 2005; Yoshida et al., 2010) . ABSCISIC ACID INSENSITIVE4 (ABI4), an APETALA2 (AP2)-type transcription factor, acts as a key regulator of seed germination and post-germination growth in the ABA signaling pathway (Soderman et al., 2000; Shkolnik-Inbar and Bar-Zvi, 2010) . ABI4 can act as either an activator or repressor to control the transcription of target genes by recognizing CE1 cis-elements (CACCG and CCAC motif) in their promoters (Koussevitzky et al., 2007; Shu et al., 2013; Wind et al., 2013) . For example, ABI4 directly regulates ABI5, SBE2.2, and its own expression to mediate sugar signaling (Bossi et al., 2009) . ABI4 is also involved in the regulation of primary seed dormancy by directly repressing the expression of CYP707A1 and CYP707A2 to increase ABA biosynthesis, while activating GA2ox7 expression to promote GA degradation (Shu et al., 2013 (Shu et al., , 2016 . Additionally, ABI4 plays a negative role in modulating salt tolerance by downregulating HKT1;1 expression in Arabidopsis (Shkolnik-Inbar et al., 2013) . Therefore, ABI4 is extensively involved in diverse signaling pathways to modulate plant growth and responses to environmental stimuli.
Cytokinin signaling is transduced by a canonical twocomponent system (TCS) involving a phosphorelay cascade. The cytokinin phosphorelay contains histidine kinase receptors (AHKs), histidine phosphotransfer proteins (AHPs) and downstream response regulators (ARRs). Type-B ARRs are a class of MYB-type transcription factors that directly regulate the expression of type-A ARR genes and other downstream target genes (D'Agostino et al., 2000; Hwang et al., 2002; Heyl and Schmulling, 2003; Yang et al., 2011; Rowe et al., 2016) . Typical Arabidopsis type-A ARRs contain 10 family members, including ARR3-9 and 15-17. As primary cytokinin response genes, they act as redundant negative feedback regulators of cytokinin signaling by inactiving the phosphorelay (Muller and Sheen, 2007; Zhao et al., 2010; Yang et al., 2011) . Cytokinin signaling components, including AHK2/3, AHP2/3/5 and type-B ARR1/10/12, have been reported to negatively regulate ABA responses (Tran et al., 2007; Wohlbach et al., 2008; Jeon et al., 2010; Jeon and Kim, 2013; Nishiyama et al., 2013; Guan et al., 2014; Nguyen et al., 2016) . Type-A ARRs are also involved in the regulation of ABA responses in seed germination (Urao et al., 2000; Jeon et al., 2010; Kang et al., 2012) . For example, the arr4, arr6 and arr7 lossof-function mutants are hypersensitive to ABA in germination, whereas the arr5 mutant is insensitive to ABA (Jeon et al., 2010; Wang et al., 2011) . Type-A ARRs inhibit the ABA response by directly interacting with and promoting the cytokinin-induced degradation of ABI5, an important basic domain/leucine zipper transcription factor of the ABA signaling pathway Lopez-Molina and Chua, 2000; Wang et al., 2011; Guan et al., 2014) .
In the present study, we investigated the interaction between ABA and cytokinins during seed germination. We showed that exogenous ABA strongly suppressed the expression of type-A ARRs. Several key components of the ABA signaling pathway were involved in the transcriptional regulation of type-A ARRs, ARR6, ARR7 and ARR15. These ARRs function as redundant negative regulators of the ABA response during seed germination. ABI4 inhibited the transcription of ARR6, ARR7 and ARR15 by directly binding to their promoters. The loss-of-function mutants of ARR7 and ARR15 restored ABA insensitivity in an abi4-1 mutant. Thus, we demonstrated that ABI4 is a key factor that regulates the antagonistic effect of ABA on cytokinin signaling by repressing the expression of type-A ARRs during seed germination.
RESULTS
The expression of type-A ARR is significantly repressed by ABA Cytokinins and ABA function antagonistically to regulate many physiological processes (Tran et al., 2007; Jeon et al., 2010; Wang et al., 2011; Nishiyama et al., 2013; Guan et al., 2014) . To further explore the mechanisms underlying the antagonism between cytokinins and ABA signaling, we examined green fluorescent protein (GFP) fluorescence in the root tips of transgenic plants expressing TCS:GFP, a construct harboring the GFP under the control of the synthetic Two Component signaling Sensor (TCS) with six of type-B ARRs binding sequence 5 0 -(A/G)GAT(C/T)-3 0 (Muller and Sheen, 2008) . The expression of GFP was dramatically induced by treatment with 10 lM of the cytokinins analog 6-benzylaminopurine (6-BA) for 3 h, but was reduced after treatment with 50 lM ABA. Moreover, a significant reduction in GFP fluorescence was observed in root tips in the presence of both 6-BA and ABA ( Figure 1a ). These results demonstrated the antagonistic effect of ABA on endogenous cytokinin signaling.
As cytokinin response genes, type-A ARRs are not onlyhighly induced by the active cytokinin signaling pathway, but are also controlled by other signaling pathways such as auxin, ethylene and osmotic stress (Leibfried et al., 2005; Jeon et al., 2010; Shi et al., 2012; Rowe et al., 2016) . To elucidate the effect of ABA on the expression of type-A ARRs, we performed qRT-PCR assays on 10-day-old seedlings treated with 50 lM ABA for 3 h or 6 h. Consistent with previous studies (Brandstatter and Kieber, 1998; Imamura et al., 1998; D'Agostino et al., 2000) , the expression of type-A ARRs, especially ARR3, ARR4, ARR5, ARR6, ARR7 and ARR15, was dramatically induced by cytokinin compared with the endogenous controls (ACTIN2/8 for Figure 1b; EFa for Figure S1a ). In contrast, the expression of these type-A ARRs was significantly repressed by the application of ABA compared with the endogenous controls (ACTIN2/8 for Figure 1c ; EFa for Figure S1b ). Then, we generated ARR7:GUS transgenic plants harboring a construct expressing a b-glucuronidase (GUS) reporter gene driven by a 1.5-kb fragment upstream of the ARR7 coding region. In the absence of ABA, GUS was highly expressed in the cotyledons and vascular tissues. As expected, GUS activity decreased after ABA treatment ( Figure S2 ).
Next, we examined whether the repression of type-A ARR expression by exogenous ABA was dependent on the ABA signaling pathway. Basal type-A ARR expression was detected in both the seedlings and imbibed seeds of ABA mutants, including the pyr1 pyl1 pyl4 receptor triple mutant (Park et al., 2009) , the snrk2.6/ost1-3 protein kinase mutant (Ding et al., 2015) , and the abi4-1 transcription factor mutant (Shu et al., 2013) . Among the type-A ARRs detected, ARR6, ARR7 and ARR15 showed significantly increased expression.
Interestingly, the expression of ARR4, ARR5, ARR8 and ARR9 was not significantly altered in the pyr1 pyl1 pyl4, ost1-3, and abi4-1 mutants (Figure 1d and e). The expression of ARR3 was induced in seedlings of the ABA signaling mutants, but could not be detected in imbibed seeds due to its low abundance (Figure 1d and e). However, the expression of type-B ARRs, including ARR1, ARR2, ARR10, ARR11 and ARR12, was moderately downregulated in the ABA signaling mutants ( Figure S3 ). Taken together, these results suggest that the type-A genes ARR6, ARR7 and ARR15 are transcriptionally repressed by ABA and are under the control of key components of the ABA signaling pathway.
ABI4 negatively regulates plant responses to cytokinins
Next, we determined whether altered ABI4 expression affects the cytokinins response during seed germination and post-germination growth. We generated transgenic plants overexpressing ABI4-Myc under the control of a super promoter (Super:ABI4-Myc). RT-PCR and immunoblot analyses showed that ABI4-Myc was expressed in Super:ABI4-Myc transgenic plants (Figures S4 and S5a) . To confirm that the transgenic plants produced active ABI4 protein, we examined the expression of ABA response genes including ABA3, CYP707A2, CYP707A3, RD29A and NCED6 (Shinozaki and Yamaguchi-Shinozaki, 1997; Xiong et al., 2001; Lefebvre et al., 2006; Okamoto et al., 2006; Umezawa et al., 2006; Shu et al., 2016) . As expected, the expression levels of these genes were much higher in the ABI4-overexpression lines ( Figure S5 ) than in the wild-type. Next, the response of 35S:ABI4-GFP transgenic plants (Shu et al., 2013) to cytokinin was tested. When grown on Murashige and Skoog (MS) medium, the abi4-1 mutant, the ABI4-overexpression lines and the wild-type showed no significant differences in shoot growth ( Figure S6a ). However, the adult plants of the ABI4-overexpression lines displayed a dwarf and low-seed production phenotype, as was also reported in a previous study ( Figure S5g ; Shu et al., 2016) . After 5-day-old seedlings grown on MS medium were transferred to MS medium supplemented with the cytokinins 6-BA and zeatin for an additional 5 days, we found that the abi4-1 mutants had larger leaves and a higher fresh weight than the wild-type, whereas the ABI4-Myc and ABI4-GFP transgenic plants displayed the opposite phenotypes, with dwarf and lower fresh weight ( Figure S6a and b) . However, we did not observe any obvious differences among the abi4-1 mutant, the ABI4-overexpression lines and the wild-type during germination in the presence of cytokinins ( Figure S6d-f) . Intriguingly, we found that the abi4 mutant partially rescued the dwarf phenotype of the ahk2 ahk3 mutant of the cytokinins receptors (a) Seven-day-old TCS:GFP transgenic seedlings were treated with 50 lM ABA or 10 lM 6-benzylaminopurine (6-BA) for 3 h before GFP fluorescence detection. Treatment with EtOH for 3 h was used as a control. More than 30 seedlings were assessed for each treatment. Scale bar: 50 lm. (b) Cytokinin induces type-A ARR gene expression. Ten-day-old Col seedlings were treated with 10 lM 6-BA for 0, 3 and 6 h. Total RNA was extracted and subjected to qRT-PCR analysis. (c) ABA inhibits type-A ARR gene expression. Ten-day-old Col seedlings were treated with 50 lM ABA for 0, 3 and 6 h. ABI4 was used as a positive control. (d) Gene expression of type-A ARRs in ABA signaling mutants. Ten-day-old seedlings of Col, and the pyr1 pyl1 pyl4, snrk2.2 snrk2.3, ost1-3, and abi4-1 mutants were used. (e) Gene expression of type-A ARRs in the seeds of ABA signaling mutants. The seeds of wild-type Col, and the pyr1 pyl1 pyl4, snrk2.2 snrk2.3, ost1-3, and abi4 mutants were imbibed for 3 days at 4°C, and total RNA was extracted and subjected to qRT-PCR analysis. In (b-e), gene expression was normalized using ACTIN. The data represent the mean values of three technical replicates AE standard deviation (SD). Asterisks indicate significant differences between treated plants and untreated controls (b, c), or between the mutants and the wild-type (d, e) (*P < 0.05, **P < 0.01, ***P < 0.001, t-test). Three independent experiments were performed with similar results.
( Figure S10 ). These genetic data support the hypothesis that ABI4 is epistatic to AHK2 and AHK3 in inhibiting the cytokinins response during plant growth.
ABI4 suppresses the transcription of ARR6, ARR7 and ARR15
Because ABI4 is predominantly involved in the inhibition of seed germination (Soderman et al., 2000) , the expression of type-A ARRs in dry and imbibed seeds of the abi4-1 mutant and the ABI4-overexpression lines was examined. qRT-PCR analysis showed that ABI4 expression peaked after 1 day of imbibition at 22°C and then decreased rapidly as the seedlings developed. Interestingly, the expression of ARR6, ARR7 and ARR15 gradually increased as the ABI4 expression decreased. Their expression peaked at day 4 of imbibition, while ABI4 expression had decreased to a very low level at this time point (Figure 2a ). To further explore the relationship between ARR6/7/15 and ABI4, we examined the expression of ARR6/7/15 in the abi4-1 mutant and the ABI4-overexpression seeds. As shown in Figure 2b , the expression of ARR6, ARR7 and ARR15 increased in the imbibed seeds of the abi4-1 mutant but dramatically decreased in the imbibed seeds of the ABI4-GFP-and ABI4-Myc-overexpression plants compared with the wild-type. These data suggest that transcriptional induction of ARR6, ARR7 and ARR15 occurs during seed germination, and ABI4 is indispensable for repressing the expression of ARR6/7/15 for seed dormancy.
To further dissect the transcriptional control of type-A ARRs by ABI4, we used a transient expression assay with the GUS reporter gene in Nicotiana benthamiana leaves. After analyzing the ARR promoter sequences, we transcriptionally fused GUS to 1.5-kb fragments upstream of the ARR coding regions to generate ARR:GUS reporter constructs. Super: ABI4-Myc was co-transformed into N. benthamiana leaves as an effector. The GUS activities driven by the ARR6, ARR7 and ARR15 promoters were significantly reduced in the presence of ABI4 compared with the empty vector control (Figure 2c ). Thus, our data suggest that ABI4 may negatively regulate the promoter activity of ARR6, ARR7 and ARR15 in vivo.
ARR6, ARR7 and ARR15 are direct targets of ABI4
The DNA-binding domain of ABI4 recognizes CACCG (CE1) elements to regulate the expression of its target genes (Koussevitzky et al., 2007) . To determine whether ARR6, ARR7 and ARR15 are direct targets of ABI4, we searched for putative ABI4 binding elements in the sequences 1 kb upstream of the coding regions of these type-A ARR genes. We identified one CE1 motif in the promoter regions of ARR6 and ARR7, and three CE1 motifs in the promoter region of ARR15 (Figure 3a ). To determine whether ABI4 directly binds to the promoters of these ARRs, we performed chromatin immunoprecipitation (ChIP) assays using Super:ABI4-Myc transgenic plants. A fragment of the ACTIN coding region was used as a reference gene. qRT- (a) Gene expression of ABI4, ARR6, ARR7 and ARR15 in germinating seeds and young seedlings. The seeds of wild-type Col were germinated on MS medium at 22°C for 0, 1, 2, 3, 4 and 5 days, and total RNA was extracted and subjected to qRT-PCR analysis. (b) Gene expression of ARR6, ARR7 and ARR15 gene expression in the seeds of wild-type Col, abi4-1 and ABI4-overexpression plants. The seeds were imbibed at 4°C for 3 days, and total RNA was extracted and subjected to qRT-PCR analysis. The data represent the mean values of three replicates AE SD. Asterisks indicate significant differences between the mutants and wild-type plants (*P < 0.05, **P < 0.01, ***P < 0.001, t-test).
(c) The effects of ABI4 on the expression of ARR6, ARR7 and ARR15 in N. benthamiana leaves. The ARR:GUS or mARR:GUS reporter constructs were transiently co-expressed with Super:ABI4-Myc in N. benthamiana leaves. Co-transformation of ARR: GUS or mARR:GUS with the Super1300 vector served as a control. The data represent the mean values of three replicates AE SD (**P < 0.01, ***P < 0.001, t-test). Three independent experiments were performed with similar results. PCR analysis showed that the ABI4 protein was significantly enriched in the CE1 motif-containing P1 region of the ARR6 promoter but not in the P2 region, which does not contain a CE1 motif (Figure 3b) . Similarly, ABI4 strongly bound to the P1 region but not the P2 region of the ARR7 promoter (Figure 3b) . Moreover, ABI4 also recognized the CE1 motifs of the ARR15 promoter (P1 and P3; Figure 3b ). These results indicate that ABI4 may repress the expression of type-A ARR genes by interacting with the specific CE1 motifs in their promoters in vivo.
Next, electrophoretic mobility shift assays (EMSAs) were performed to determine whether ABI4 can bind to the promoters of ARR6, ARR7 and ARR15 in vitro. His-tagged recombinant ABI4 protein was expressed in Escherichia coli BL21 and purified with the Ni-NTA column. The ABI4 protein bound to the CE1 elements of ARR6, ARR7 and ARR15 (Figure 3c ). Excess levels of unlabeled competitor DNAs inhibited the binding, whereas mutated DNA probes failed to compete for binding (Figure 3c ), indicating that ABI4 specifically binds to the CE1 elements in the promoters of these ARRs in vitro. To further explore the function of CE1 in vivo, we generated a mutated form of the ABI4 binding site of ARR:GUS (mARR:GUS) constructs to perform a transient assay in N. benthamiana. Compared with their wild-type forms, the GUS activities of the mARR:GUS constructs significantly increased, suggesting that the repression of ARR expression by ABI4 was largely impaired by mutation of the CE1 element. Taken together, these results demonstrate that ABI4 interacts with the promoters of ARR6, ARR7 and ARR15 to regulate their transcription, and the CE1 element is essential for this transcriptional regulation.
ARR6, ARR7 and ARR15 negatively regulate ABA-mediated inhibition of germination
The arr6 and arr7 mutants were hypersensitive to ABA during seed germination (Jeon et al., 2010) ; however, the role of ARR15 has not yet been determined. ARR7 and ARR15 are paralogs with very similar expression patterns Muller and Sheen, 2008) . To elucidate the role of these ARRs in regulating seed germination, we first obtained arr6, arr7 and arr15 single knockout mutants (Figure S7) . After stratification at 4°C for 72 h, the seed germination and cotyledon greening rates of these mutants were analyzed in the presence or absence of ABA. We scored the germinated seeds at the same time each day for a week. The germination rate was determined as the radicle emerges from the seed coat and we start to calculate the greening rates after the cotyledon turning green. We observed no significant differences in germination and cotyledon greening between the wild-type Col and arr single mutants grown on MS medium from day 1 to day 7 after sowing (Figure 4a and b) . When grown on MS medium supplemented with 0.5 lM ABA, the arr6 and arr7 single mutants showed a delay in germination and cotyledon greening before day 5 (Figures 4c, and S8a and b), which was consistent with previous observations (Jeon et al., 2010) . The germination and cotyledon greening rates of the arr15 single mutant were lower than those of the arr6 and arr7 mutants, suggesting that ARR15 may play a predominant role during the ABA response (Figures 4a,c ,e, and S8a and b). Next, we generated arr6 arr7, arr6 arr15, arr7 arr15 double mutants and arr6 arr7 arr15 triple mutant for further genetic analysis. In the presence of 0.5 lM ABA, the arr6 arr7 double mutant was more sensitive than the arr6 and arr7 single mutants (Figures 4a,c ,e, and S8a and b), suggesting that ARR6 and ARR7 play redundant roles in controlling the ABA-mediated inhibition of seed germination and cotyledon greening. The germination and cotyledon greening phenotypes of the arr6 arr15 double mutant were similar to those of the arr15 single mutant (Figures 4a ,c,e, and S8a and b). Surprisingly, the presence of the arr7 mutation slightly suppressed the sensitivity to ABA in the arr7 arr15 and arr6 arr7 arr15 mutants. Similar results were observed when the seeds of these mutants were germinated on MS medium supplemented with 1.0 lM ABA (Figure 4d ). These results suggest that ARR6, ARR7 and ARR15 negatively regulate ABA-mediated germination inhibition. Among them, ARR6 and ARR7 showed functional redundancy, while ARR7 had an antagonistic effect on ARR15 during this process.
We next investigated the effect of ABA on the ARR7-and ARR15-overexpression transgenic plants (Ren et al., 2009; Shi et al., 2012) . The germination of transgenic plants and wild-type seeds was arrested before 7 days on medium containing 1.0 lM ABA. The germination rates of the ARR7-and ARR15-overexpression seeds were slightly, but not significantly, higher than the wild-type. To examine the ABA response more precisely, we calculated the cotyledon greening rate after 10 days of treatment. Both ARR7-and ARR15-overexpression seedlings exhibited a higher greening rate than the wild-type, while the ARR15-overexpression line showed a higher greening rate than the ARR7-overexpression line (Figure 4f and g ). Therefore, overexpression of ARR7 and ARR15 altered the ABA sensitivity and slightly suppressed the ABA-induced inhibition of greening of seedlings.
We also tested the response of these ARRs to ABA during primary root growth. The arr6 arr7 arr15 triple mutant and the wild-type Col plants displayed no significant difference in primary root growth of 7-day-old seedlings after they were transferred to medium supplemented with different concentrations of ABA ( Figure S9 ). Also, there was no obvious difference in primary root growth between the wild-type and the arr triple mutant in the presence of 6-BA ( Figure S9) . Therefore, these ARRs may play important roles in the response to ABA during germination but not during root growth.
Loss-of-function arr mutations can rescue the abi4-1 mutant phenotypes
Physiological studies show that the loss-of-function mutants of ARR6, ARR7 and ARR15 were hypersensitive to ABA during germination (Figures 4, and S8a and b), whereas abi4-1 seeds were resistant to ABA (Finkelstein et al., 1998; D'Agostino et al., 2000; Soderman et al., 2000) . To further dissect the genetic interaction between ABI4 and type-A ARRs, we generated abi4-1 arr7, abi4-1 arr15, and abi4-1 arr7 arr15 mutants, and analyzed their germination following the application of 0.5 and 1.0 lM ABA at day 5 after sowing. The kinetic analysis showed that in the presence of ABA, the abi4-1 arr7 and abi4-1 arr15 mutants had slightly suppressed germination, and the abi4-1 arr7 arr15 mutant had significantly reduced germination, to the level of the wild type (Figures 5a-d , and S8c and d). Similar trends occurred in the cotyledon greening of these mutants. The cotyledon greening rate was dramatically repressed in the abi4-1 arr7 arr15 mutant, and was slightly inhibited in the abi4-1 arr7 and abi4-1 arr15 mutants at day 5 (Figure 5e ). These data suggest that the high level of type-A ARR transcripts in the abi4-1 mutants, at least partially, contributes to its ABA-insensitive phenotype.
DISCUSSION

ABI4 integrates cytokinin and ABA signaling in seed germination
The AP2 transcription factor ABI4 is a key regulator of the ABA signaling pathway during seed development and dormancy (Finkelstein, 1994; Finkelstein et al., 1998; Soderman et al., 2000; Shu et al., 2013) . Previous work identified the role of ABI4 in the cross-talk between ABA and other hormones (Shkolnik-Inbar and Bar-Zvi, 2010; Shu et al., 2013 Shu et al., , 2016 Dong et al., 2016) . For example, ABI4 modulates endogenous ABA and GA metabolism by targeting CYP707A1, CYP707A2 and GA2ox7 during seed dormancy.
ABI4 is also involved in reducing ethylene biosynthesis by targeting ACS4 and ACS8 (Shu et al., 2013; Dong et al., 2016) . However, how cytokinin antagonizes ABA signaling to mediate seed germination and growth remains unclear. Our data demonstrate that ABI4 inhibits the transcription of a subset of type-A ARRs to modulate seed germination and cotyledon greening.
The abi4 mutants were previously reported to be insensitive to zeatin during lateral root growth (Shkolnik-Inbar and Bar-Zvi, 2010) . Consistent with this finding, our study showed that the shoot growth of abi4-1 was also insensitive, while the ABI4-overexpression plants were hypersensitive to 6-BA and zeatin treatments, suggesting that ABI4 may play a role in modulating cytokinin signaling during seedling growth. It would be of interest to investigate whether ARRs are involved in the ABI4-mediated cytokinin response. Genetic data support the hypothesis that ABI4 acts downstream of AHK2 and AHK3 in mediating cytokinin responses during plant growth ( Figure S10 ). The cytokinin signal transduction cascade may negatively regulate ABA responses, at least partially by repressing ABAresponsive genes. However, whether ABI4 participates in cytokinin-mediated osmotic stress remains unknown (Tran et al., 2007; Wang et al., 2011; Nishiyama et al., 2013;  (e) Quantitative analysis of cotyledon greening rates of the abi4, abi4 arr7, abi4 arr15, arr7 arr15, and abi4 arr7 arr15 mutants grown on MS medium with or without 0.5 lM ABA for 5 days at 22°C. In (b-e), more than 50 seeds in each treatment group were assessed. The data represent the mean values of three independent experiments AE SD. Asterisks indicate significant difference between the mutants and wild-type (**P < 0.01, t-test). (a) Phenotypes of the arr6, arr7, arr15, arr6 arr7, arr6 arr15, arr7 arr15, and arr6 arr7 arr15 mutants grown on MS medium with or without 0.5 lM ABA at 22°C. Photographs were taken at day 7. (b-d) Quantitative analysis of germination rates of the arr6, arr7, arr15, arr6 arr7, arr6 arr15, arr7 arr15, and arr6 arr7 arr15 mutants on (b) MS medium, (c) MS medium with 0.5 lM ABA and (d) MS medium with 1.0 lM ABA at the indicated times. (e) Quantitative analysis of cotyledon greening rates of the arr6, arr7, arr15, arr6 arr7, arr6 arr15, arr7 arr15, and arr6 arr7 arr15 mutants grown on MS medium with or without 0.5 lM ABA for 7 days at 22°C. (f) Phenotypes of the ARR7-and ARR15-overexpression lines grown on MS medium with or without 1.0 lM ABA for 10 days at 22°C. (g) Quantitative analysis of cotyledon greening rates of ARR7-and ARR15-overexpression lines grown on MS medium with or without 1.0 lM ABA for 10 days at 22°C. In (b-d, g ), more than 50 seeds were assessed for each treatment. The data represent the mean values of three independent experiments AE SD. Asterisks indicate significant differences between the mutants and the wild-type (*P < 0.05, **P < 0.01, t-test). Nguyen et al., 2016) . As a versatile transcription factor, the post-transcriptional modification of ABI4 has not yet been identified in Arabidopsis. Recent studies revealed that AHK2 and AHK3 may also participate in the Ser/Thr/Tyr phosphorylation pathway (Dautel et al., 2016) . Therefore, the involvement of histidine kinases of TCS phosphorelays in ABI4 transcriptional activity regulation needs to be examined further.
Type-A ARRs are crucial response regulators for cytokinins-ABA antagonism during seed germination Multiple regulatory mechanisms of type-A ARRs are involved in ABA responses. On the one hand, cytokininsinduced ABI5 protein degradation is dramatically reduced in the arr3 arr4 arr5 arr6 mutants (Guan et al., 2014) , suggesting that type-A ARRs are essential for the antagonism between cytokinin and ABA signalings. Because ARR4, ARR5 and ARR6 directly interact with ABI5 (Wang et al., 2011; Guan et al., 2014) , the protein abundance of type-A ARRs is likely to be directly related to the regulation of ABI5 stability. On the other hand, ABA can inhibit cytokinins biosynthesis and signal transduction. For example, the transcripts of ARR4, ARR5 and ARR6 were significantly downregulated by ABA (Wang et al., 2011; Yang et al., 2014;  Figure 1c) . Here, we demonstrated that ABA signaling, including PYR/PYL, SnRK2s and ABI4, is required for the downregulation of type-A ARRs during seed dormancy, providing molecular evidence that ABA antagonizes cytokinin signaling through transcriptional regulation. Therefore, we developed a model to illustrate the interaction between ABA and cytokinin signaling during seed germination and cotyledon greening in Arabidopsis (Figure 6 ). During seed dormancy, high concentrations of ABA trigger the transcriptional activity of ABI4, which inhibits the expression of ARR6, ARR7 and ARR15. The endogenous cytokinins levels increase after germination, promoting increased levels of type-A ARRs to block ABI5-mediated germination inhibition. As a result, the ABA-inhibited seed germination is relieved.
Downregulation of the expression of type-A ARRs by ABA is dependent on cytokinins biosynthesis and signal transduction cascades (Wang et al., 2011; Yang et al., 2014) . Our data revealed that the exogenous application of ABA disrupts the TCS system and extensively downregulates the expression of eight type-A ARRs, suggesting that the transcriptional repression of type-A ARRs by ABA may be due to the inactivity of type-B ARRs. Among these type-A ARRs, the ABA signaling pathway governed the expression levels of ARR3, ARR4, ARR6, ARR7 and ARR15, but not those of ARR4, ARR5, ARR8 and ARR9. One possibility is that ARR4, ARR5, ARR8 and ARR9 are regulated by ABA biosynthesis but not the signaling pathway. Alternatively, ARRs might be regulated by other PYR/PYL and SnRK2 members that we did not examine (the Arabidopsis thaliana genome encodes 14 ABA receptors and 10 SnRK2s; Kobayashi et al., 2004; Ma et al., 2009; Park et al., 2009) . It is also possible that these ARRs might be differentially regulated by ABA signaling in specific tissues, because the expression patterns of ARRs are very different.
In Arabidopsis, ARR6 and ARR7 play roles in ABA responses (Jeon et al., 2010) . ARR7 and ARR15 are closely related sister genes with similar expression patterns in both the shoot apical meristem and imbibed seeds (Buechel et al., 2010; Zhao et al., 2010) . In the present study, the arr15 single mutant showed hypersensitivity to ABA in seed germination, further indicating that ARR15 plays a similar physiological function to that of ARR7 during ABA responses. Therefore, ARR6, ARR7 and ARR15 are primary, redundant regulators of seed germination. In agreement with this finding, CE1 elements were found only in the promoter regions of ARR6, ARR7 and ARR15, but not in ARR3 and ARR4. To date, our understanding of type-A ARR transcriptional regulation remains limited. In addition to type-B ARRs, WUSCHEL was identified as the first repressor that associates with the promoters of ARR5, ARR6, ARR7 and ARR15; MP/ARF5, an auxin response transcription factor, recognizes the auxin response element-like DNA motifs of ARR7 and ARR15 during shoot apical meristem establishment. EIN3 also recognizes the EIN3 binding sites in the promoters of ARR5, ARR7 and ARR15, and negatively regulates their expression during cold stress (Hwang et al., 2002; Leibfried et al., 2005; Shi et al., 2012) . Here, we demonstrate that ABI4 acts as a pivotal repressor of the transcription of type-A ARRs, which provides a framework for the ABA-cytokinins interaction. Further studies of other Figure 6 . Model of the regulation of type-A ARRs mediated by ABI4 in seed germination and cotyledon greening. During seed dormancy, the high level of abscisic acid (ABA) concentration enhances the transcriptional activity of ABI4 to block the induction of ARR6/ 7/15, thereby attenuating cytokinin responses in Arabidopsis. After germination, the increase in cytokinin stimulates type-A ARRs (such as ARR4, ARR5 and ARR6) accumulation, which induces the degradation of ABI5 to promote early development of the cotyledons. transcription factors or regulators that are involved in type-A ARR regulation will be of interest.
Genetic evidence showed that the ABA insensitivity of the abi4-1 mutant was largely recovered in the arr7 arr15 double mutant but was not rescued by the single mutants, further indicating the synergistic effect between ARR7 and ARR15. Notably, arr7 arr15 showed an intermediate germination phenotype between the arr7 and arr15 single mutants, implying a negative effect of ARR7 on the function of ARR15. Several studies have hinted at the complex regulation among type-A ARRs. For example, the rosette phenotype of the arr5 mutant was suppressed by the arr6 mutation, and the arr8 arr9 mutations partially suppressed the elongated petiole and osmotic stress tolerance of the arr3 arr4 arr5 arr6 quadruple mutant Wohlbach et al., 2008; Wang et al., 2011) . ARR5 plays a positive role in ABA responses, but the arr3 arr4 arr5 arr6 quadruple mutant is hypersensitive to ABA (Jeon et al., 2010; Wang et al., 2011) . Therefore, the biological functions of individual type-A ARRs during the ABA response and their internal regulatory relationship require further study.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0 plants were grown on MS medium with 0.8% agar and 1.5% sucrose at 22°C under a 16 h light/8 h dark photoperiod. The arr6 (CS853611), arr7-2 (SALK_034612) and arr15 (CS851593) mutants were obtained from the Arabidopsis Biological Resource Center. The arr6 and arr15 mutants are WiscDsLox T-DNA lines ( Figure S5 ). The mutants were verified by genotyping and RT-PCR. The arr6 arr7, arr6 arr15, arr7 arr15, arr6 arr7 arr15, and abi4 arr7 arr15 mutants were generated by crossing. The ARR7-and ARR15-overexpression (Ren et al., 2009) , pyr1 pyl1 pyl4 (Park et al., 2009 ), snrk2.2 snrk2.3 (Feng et al., 2014 ), ost1-3 (Ding et al., 2015 , abi4-1, 35S:ABI4-GFP (Shu et al., 2013) , and TCS:GFP (Muller and Sheen, 2008) plants were used in this study. ABA concentrations of 0.5, 10, 20 and 50 lM, and 6-BA concentrations of 100 nM, 500 nM, 1.0 lM and 10 lM were used for the different treatments.
Generation of the ABI4-overexpression transgenic plants
The ABI4 coding sequence was amplified by PCR and then cloned into the vector pSuper1300 (Yang et al., 2010) containing a Myc tag to generate the Super:ABI4-Myc construct. The plasmid was transferred into Agrobacterium tumefaciens strain GV3101 to perform Agrobacterium-mediated transformation using the floral dip method. T1 seeds were germinated on MS plates containing 50 mg mL À1 hygromycin. Hygromycin-resistant T1 seedlings were transferred to soil and grown to generate T2 plants. The resistant T2 seedlings with 3:1 segregation of resistance were transferred to soil to obtain homozygous T3 seeds from individual lines.
ChIP assays
Chromatin immunoprecipitation was performed as described previously (Shi et al., 2012) with minor modifications. Two-week-old Super:ABI4-Myc transgenic plants grown at 22°C on MS medium were harvested and then cross-linked with 1% formaldehyde for 10 min under a vacuum followed by quenching with 2 M glycine under a vacuum for an additional 5 min. After washing twice with sterilized water, the plants were ground in liquid nitrogen, and the chromatin was isolated and sonicated. The ABI4 protein was immunoprecipitated using an anti-Myc antibody (Sigma, http:// www.sigmaaldrich.com) and qRT-PCR was performed to determine the enrichment of DNA fragments using the primers listed in Table S1 .
Purification of recombinant proteins and EMSA
The ABI4 coding sequence without a stop codon was amplified by PCR and then cloned into the vector pET32a with a His tag, and recombinant ABI4 was expressed in E. coli BL21. The recombinant protein was purified using His Sepharose beads (Sigma). EMSA was performed as described previously (Shi et al., 2012) . The biotinlabeled DNA fragments listed in Table S1 were used as probes, and unlabeled DNA fragments were used as the competitors in this assay.
Gene expression analysis
Total RNA was prepared from dry or germinated seeds at different times with an RNA extraction kit (TIANGEN), and the M-MLV reverse transcriptase (Promega) was used for reverse transcription. qRT-PCR was performed using a SYBR Green PCR Master Mix kit (TaKaRa) and a 7500 Real-Time PCR Detection System (ABI). Three replicates were performed for each experiment and at least three independent experiments were performed. All PCR primers are listed in Table S1 .
Confocal laser microscopy
The fluorescence in the roots of 7-day-old TCS:GFP transgenic plants grown vertically on MS medium was imaged using a confocal laser scanning microscope (LSM510; Carl Zeiss, http:// www.zeiss.com/corporate/us/home.html) after 3 h of different treatments with ABA or 6-BA.
GUS assays in Nicotiana benthamiana
To generate ARR:GUS and mARR:GUS constructs (consistent with the mutated site in the EMSA assays), the ARR promoters were amplified by PCR from Arabidopsis genomic DNA using the primers in Table S1 and cloned into the pCAMBIA1381 vector.
The ARR:GUS or mARR:GUS and Super:ABI4-Myc plasmids were co-infiltrated into N. benthamiana leaves as described previously (Walter et al., 2004) . Methyl umbelliferyl glucuronide (SigmaAldrich, http://www.sigmaaldrich.com) was used to determine the GUS activity, with the luciferase (LUC) activity serving as an internal control. Promoter activity was determined by the GUS/LUC ratio. Figure S1 . Type-A ARR gene expression was normalized using EF1a. Figure S2 . GUS activity in ARR7:GUS transgenic plants. Figure S3 . Expression of type-B ARR genes in ABA signaling mutants. Figure S4 . Protein and RNA levels of ABI4 in ABI4-overexpression plants. Figure S5 . The ABI4 protein is functional in ABI4-overexpression plants. Figure S6 . Responses of the abi4-1 and ABI4-overexpression transgenic plants to cytokinins. Figure S7 . RT-PCR analysis of the arr6, arr7 and arr15 mutants. Figure S8 . The germination phenotype of the arr6, arr7, arr15, abi4-1, abi4-1 arr7, abi4-1 arr15, arr7 arr15 and abi4-1 arr7 arr15. Figure S9 . Phenotype of the arr6 arr7 arr15 mutant on MS medium with or without ABA or 6-BA. Figure S10 . Morphological phenotypes of Col, and the abi4-1, ahk2-5 ahk3-7 and abi4-1 ahk2-5 ahk3-7 under normal growth conditions. Table S1 . Gene-specific primers used in this study.
